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ABSTRACT  

Eicosapentaenoic acid (EPA) is an omega-3 polyunsaturated fatty acid that has 

anti-inflammatory and anti-cachectic actions. The aim of this work was to 

elucidate whether EPA administration is able to prevent arthritis-induced 

decrease in body weight and muscle wasting in rats. Arthritis was induced by 

intradermal injection of Freund’s adjuvant; 3 days later 9 rats received 1g/kg 

EPA or coconut-oil daily. All rats were killed 15 days after adjuvant injection. 

EPA administration decreased the external signs of arthritis, paw volume as 

well as liver TNF-α mRNA. EPA did not modify arthritis-induced decrease in 

food intake or body weight gain. However, EPA treatment prevented arthritis-

induced increase in muscle TNF-α and atrogin-1, whereas it attenuated the 

decrease in gastrocnemius weight and the increase in MuRF1 mRNA. Arthritis 

did not only decrease myogenic regulatory factors, but it increased PCNA, 

MyoD and myogenin mRNA in the gastrocnemius. Western blot analysis 

showed that changes in protein content followed the pattern seen with mRNA. 

In the control rats EPA administration increased PCNA and MyoD mRNA and 

protein. In arthritic rats, EPA did not modify the stimulatory effect of arthritis on 

these myogenic regulatory factors. The results suggest that in experimental 

arthritis, in addition to its anti-inflammatory effect, EPA treatment attenuates 

muscle wasting by decreasing atrogin-1 and MuRF1 gene expression and 

increasing the transcription factors that regulate myogenesis.  
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INTRODUCTION 

 Chronic inflammatory diseases such as cancer, sepsis and rheumatoid 

arthritis are associated with a decrease in body weight, skeletal muscle atrophy 

and cachexia. Cachexia is a complex metabolic syndrome associated with 

underlying illness and characterized by loss of muscle with or without loss of fat 

mass (12). Adjuvant-induced arthritis is a widely used experimental because in 

many respects it mimics rheumatoid arthritis in humans (45). Arthritis can be 

induced in rats by an intradermal injection of Freund’s adjuvant (heat killed 

Mycobacterium butyricum). On days 10-11 after adjuvant injection rats develop 

chronic inflammation and polyarthritis that lead to a marked decrease in body 

weight and cachexia (37) by a dramatic loss of adipose and skeletal muscle 

mass (8, 31). Cachexia has also been reported in rheumatoid arthritis (RA) 

patients, adversely affecting morbidity and mortality (36). In RA patients, weight 

is lost equally from adipose tissue and muscle, and is not secondary to a 

decrease in caloric intake, but rather to an increase in resting energy 

expenditure (2). Similarly, a decrease in the relative skeletal muscle mass is 

observed in arthritic rats but not in pair-fed rats (8).   

 Muscle wasting in arthritic rats is associated with an increase in the gene 

expression of two genes of the ubiquitin-proteasome system, MuRF1 (Muscle 

Ring Finger 1) and atrogin-1 (14).These genes are known as “atrogenes”, since 

they are upregulated in several conditions that induce muscle wasting such as 

cancer, sepsis, diabetes and fasting (27). In addition, mice lacking these genes 

are resistant to denervation-induced muscle wasting (5). For that reason, these 

genes serve as early markers of skeletal muscle atrophy, aiding in the diagnosis 

of muscle disease. In arthritic rats the upregulation of atrogenes is specific to 
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the skeletal muscle, since it does not occur in the cardiac muscle; accordingly 

there is no wasting in the cardiac muscle in chronic arthritis (14). 

 It is well known that omega-3 polyunsaturated fatty acids (PUFA) have 

beneficial effects on cardiovascular heath and on inflammatory diseases. 

Eicosapentaenoic acid (EPA) is a PUFA that is essential for normal growth and 

development, since it is part of the cellular membranes. EPA has anti-

inflammatory actions in both human and experimental animals. A diet rich in 

fish, in which EPA is the major component, is able to ameliorate autoimmune 

diseases (33). There are several clinical studies that show benefits from fish oil 

in patients with rheumatoid arthritis (23). Among the lipid mediators of the fish 

oil, EPA has been shown to reduce joint stiffness in RA patients (40). 

  EPA competes with arachidonic acid for incorporation in the cell 

membrane phospholipid, as substrate of cyclooxygenase-2, leading to a 

decrease in PGE2 synthesis. We have recently reported that COX-2 inhibition 

by meloxicam administration has an important anti-cachectic effect in arthritic 

rats (15) by preventing arthritis-induced increase in MuRF1 and atrogin-1gene 

expression in the skeletal muscle. However, anti-inflammatory treatment with 

COX-2 inhibitors has been demonstrated to have several side effects on the 

cardiovascular system (16). 

 In addition to its anti-inflammatory effect, the anti-cachectic effect of fish 

oil treatment in cancer cachexia is well known. EPA administration is able to 

prevent cancer-induced decrease in body weight gain and skeletal muscle 

wasting in both human (13) and experimental animals (49). The beneficial effect 

of EPA on skeletal muscle wasting is secondary to a decrease in muscle protein 

degradation by preventing the activation of the ubiquitin-proteasome pathway. 
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This mechanism has been reported in cancer (41), hyperthermia (42) and 

fasting (48). Furthermore, only one day administration of EPA is able to prevent 

sepsis-induced muscle proteolysis in mice (25).  

 Taking into account the EPA anti-inflammatory effect in arthritis and the 

observed muscle atrophy in chronic arthritis, the purpose of this study was to 

examine whether one of the beneficial effects of EPA on chronic arthritis can be 

a reduction in skeletal muscle atrophy. For this purpose, expression of atrogin-1 

and MuRF1 in the gastrocnemius muscle of arthritic rats treated with EPA was 

analyzed. Proliferation and differentiation of muscular precursor cells, or 

satellite cells, into mature muscular cells depends on hormones and growth 

factors such as PCNA, MyoD and myogenin.  As adjuvant-induced arthritis also 

increases the expression of the myogenic regulatory factors PCNA, MyoD and 

myogenin (8), their response to EPA administration was also analyzed.  

 

 MATERIAL AND METHODS 

Animals 

 Arthritic and control male Wistar rats (100-125 g/5 weeks old) were 

purchased from Charles River Laboratories (Barcelona, Spain). Arthritis was 

induced in the rats by an intradermal injection of 4 mg heat-inactivated 

Mycobacterium butyricum in the right paw, under isoflurane anaesthesia. 

Control animals were injected with vehicle (0.1 ml of paraffin oil). After arriving 

(day 3 after adjuvant injection), rats were housed 3-4 per cage, and maintained 

under standardized conditions of temperature (20-22 ºC) and light (lights on 

from 7:30 to 19:30 h). Water and standard chow (A=04; Panlab, Barcelona, 

Spain) were provided ad libitum. The procedures followed the guidelines 
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recommended by the EU for the care and use of laboratory animals, and were 

approved by the Complutense University Animal Care Committee. 

Experimental design 

 On day 3 after adjuvant injection, both control and rats injected with 

adjuvant were randomly divided in two groups, being 9 the number of animals 

for each treatment group. The first group received, at a dosage of 1g/kg bw 

daily by oral gavage, highly purified ethyl ester of eicosapentaenoic acid (E-

EPA) containinig  90% EPA and 0.02% vitamin D3 (Oy Bio-Vita Ab, Espoo, 

Finland). The other group received 1 g/kg bw of coconut oil to ensure isocaloric 

intake. A pair-fed group was also included, as arthritis decreases food intake. 

Pair-fed rats received the same amount of food (g/100g bw) eaten by arthritic 

rats treated with coconut oil on the previous day, and were gavaged daily with 1 

g/kg bw coconut oil. 

 Body weight and arthritis severity were assessed daily. Evaluation of 

arthritis severity was performed by measuring the arthritis index of each animal, 

which was clinically scored by grading each paw from 0 to 4, since inflammation 

of the paw is associated with radiological and histological alterations of the 

joints (17). Grading was determined as previously reported (43): 0- no erythema 

or swelling. 1- slight erythema or swelling of one or more digits. 2- swelling of 

paw. 3- swelling of entire paw and the ankle. 4- ankylosis, incapacity to bend 

the ankle. The severity score was the sum of the clinical scores of the four 

limbs, the maximum value being 16.  

 After 12 days of EPA treatment, and 15 days after adjuvant or vehicle 

injection, all rats were killed by decapitation between 12:00 and 13:00 h, in a 

separate room, within 30 seconds after being removed from their cages. 
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Although the maximal external sings have the maximum value around day 21 

after adjuvant injection (31), rats were killed on day 15, since we have 

previously observed a high increase in atrogin-1 and MuRF1 mRNA, and well 

as in myogenic regulatory factors PCNA, MyoD and myogenin on this day in the 

gastrocnemius of the arthritic rats (8). Immediately after decapitation, 

gastrocnemius muscle was removed and weighed. The left hind paw was 

amputated at the ankle level, and its volume was measured by water 

displacement. Gastrocnemius and liver were dissected, frozen in liquid nitrogen 

and stored at -80 ºC until ribonucleic acid (RNA) or protein extraction. Isolation 

and manipulation of tissues were always performed under sterile conditions. 

  

RNA extraction and real-time PCR 

 Gastrocnemius or liver (100 mg) were homogenized, and total RNA was 

extracted using UltraspecTM (Biotecx Laboratories Inc. Houston, Texas, USA), 

following the manufacturer’s protocol. The final concentration of RNA was 

determined with a BioPhotometer (Eppendorf, Germany), and the integrity of 

the RNA was confirmed by agarose gel electrophoresis. First-strand cDNA 

synthesis was performed using 1 µg of total RNA with a Quantiscript Reverse 

Transcription kit (Qiagen Combh Hilden, Valencia, CA, USA). 

 Real-time PCR for quantification of mRNA was performed on a 

SmartCycler® (Cepheid, Sunnyvale, CA, USA) using a SYBR-Green protocol 

on the fluorescence temperature cycler. Each real-time PCR reaction consisted 

of 10 ng total RNA equivalents,1x Takara SYBR Green Premix Ex Taq (Takara 

BIO INC, Otsu, Shiga, Japan), and 300 nM forward and reverse primers in a 

reaction volume of 25.5 μl. Primers for real-time PCR (Table 1) were obtained 
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from Roche (Madrid, Spain) by using the EXIQON Universal Probe Library 

(atrogin-1, myostatin, PCNA and myogenin) or from previously published 

sequences of MuRF-1 (11), MyoD (19) and 18S (6). The thermal cycling profile 

consisted of a preincubation step at 95°C for 10s followed by 40 cycles of 95°C 

denaturation steps for 15 s, 60°C annealing steps for 30 s, and 72°C extension 

steps for 30 s. Results were expressed relatively to the control animals treated 

with coconut oil, where the relative mRNA abundance has been arbitrarily set to 

1, using cycle threshold 2(∆∆CT) method (29) with 18S as reference gene. PCR 

products were separated using agarose gel electrophoresis to confirm the 

product presence and size. 

 

 Immunoblot 

 Muscle samples were homogenized in lysis buffer (10µl/mg) with 

protease inhibitor cocktail (Sigma-Aldrich, Madrid, Spain). The homogenate was 

later centrifuged at 13000 rpm at 4°C for 30 min to remove tissue debris. 

Protein concentration was determined using the Bradford protein assay with 

bovine serum albumin as standard. The protein extract was boiled for 5 min with 

a 1:1 volume of Laemmli loading buffer. Proteins (50 μg) were resolved by 

electrophoresis on 14% polyacrylamide gels under reducing conditions, and 

then transferred onto nitrocellulose membranes that were blocked by incubation 

in 5 % non-fat dry milk, 0.1 % Tween (Sigma-Aldrich, Madrid, Spain), in Tris-

buffered saline. Membranes were probed overnight at 4 ºC sequentially with 

antibodies against myogenin, PCNA, myostatin, MyoD (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) and α-tubulin (Sigma-Aldrich, Madrid, 

Spain) with stripping of membranes before each new antibody. Membranes 
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were then incubated for 90 min in the appropriate horse-radish peroxidase-

conjugated secondary antibody (anti-mouse IgG Amersham Biosciences, Little 

Chalfont, UK; anti-rabbit IgG Biorad, Madrid, Spain), and peroxidase activity 

was detected using enhanced chemiluminescent reagent (Amersham 

Biosciences, Little Chalfont, UK). Band intensities were quantified by 

densitometry using Gene Tools Analysis software. The density of the protein 

band in each lane was expressed as the percentage of the mean density of 

control rats, after loading normalization using α-tubulin. 

Statistical analysis 

 Results were compared using the statistics program STATGRAPHICS 

plus for Windows. Normal distribution of data was assessed by a Shapiro-Wilks 

W test. Continuous variables are presented as mean ± standard error of the 

mean and were tested with analysis of variance (ANOVA); post hoc 

comparisons were made using the LSD multiple range test. Data that were not 

normally distributed (TNF, atrogin-1 and MuRF1 mRNA in the gastrocnemius) 

were analyzed by Mann-Whitney (Wilcoxon) W test, those data are presented 

as scatter plots with median lines. Arthritis score index was analyzed by 

impaired Student’s t test. Statistical significance was set at P<0.05. 

 

RESULTS  

 As shown in Fig.1A, on day 10 after adjuvant injection the arthritis score 

increased in the arthritic rats fed with coconut oil, reaching its highest value on 

day 15. In the arthritic rats that received EPA the increase in the arthritis scores 

was lower than in the rats treated with coconut oil (P<0.01). In the group treated 

with coconut oil all rats had arthritis in other than the right hind paw. In contrast, 
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in the group of rats treated with EPA, two rats had arthritis only in the right hind 

paw, two rats had arthritis in just other than the injected paw (but the arthritis 

score decreased from day 12 to 15), and the other 5 had arthritis in the four 

limbs. The anti-inflammatory effect of EPA was also evident in the volume of the 

left hind paw (Fig. 1B). The arthritic rats treated with coconut oil had an 

increased paw volume (P<0.01), whereas the arthritic rats treated with EPA had 

lower paw volume than the arthritic rats treated with coconut oil (P<0.01), but 

this was higher than that observed in the control or pair-fed rats (p<0.05).   

 In the rats treated with coconut oil, arthritis increased TNF-α gene 

expression in the liver (P<0.01, Fig. 1C and D) and in the gastrocnemius 

muscle (P<0.01). However, the arthritic rats treated with EPA had similar TNF-α 

mRNA values to the control or pair-fed rats, both in the liver and in the 

gastrocnemius.  

  The evolution of body weight is shown in Fig. 2A. Arthritis decreased 

body weight gain, where this difference was statistically significant from day 6 

after adjuvant injection (P<0.01). From day 10 to 15, arthritic rats did not gain 

body weight. The decrease in body weight gain is not only due to lower food 

intake, but also due to inflammation, since pair-fed rats had higher body weight 

gain than the arthritic rats. Arthritis decreased food intake (P<0.01), whereas 

EPA administration did not modify food intake in either control or arthritic rats 

(Fig 2B). There was a decrease in the relative gastrocnemius weight (P<0.01) in 

the arthritic rats treated with coconut oil, but not in pair-fed rats. EPA 

administration increased the relative gastrocnemius weight in arthritic rats 

(P<0.01, Fig. 2C).  
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 As expected, the arthritic rats treated with coconut oil increased the 

expression of both atrogenes MuRF1 and atrogin-1 in the gastrocnemius 

muscle (P<0.01, Fig. 3A and B). EPA administration prevented the effect of 

arthritis on atrogin-1 mRNA, and attenuated the effect of arthritis on MuRF1 

mRNA in the gastrocnemius. The expression of MuRF1 and atrogin-1 in the 

gastrocnemius of the pair-fed rats was similar to that of the control rats.  

 Fig 4. shows myostatin in gastrocnemius muscle of the five experimental 

groups. EPA administration tended to decrease myostatin in the gastrocnemius 

of the arthritic rats, but there was no significant difference in myostatin mRNA or 

myostatin protein between the groups. 

 As previously reported (8), arthritis induced an increase in PCNA mRNA 

(P<0.01) and PCNA protein (P<0.05) in the rats that received coconut oil (Fig. 

5A and B). EPA administration tended to elevate both mRNA and protein of 

PCNA in control rats to values similar to those observed in arthritic rats, 

although this increase was not significant. The arthritic rats treated with EPA 

have similar PCNA mRNA and protein compared to the arthritic rats treated with 

coconut oil.  

 The effect of EPA administration on MyoD in the gastrocnemius is shown 

in Fig. 6 A and B. EPA administration increased MyoD mRNA and protein in 

control rats, but only the increase in mRNA was significant (P<0.05). Arthritis 

increased MyoD mRNA and protein (P<0.05), having values similar to those of 

the arthritic rats treated with coconut oil or with EPA (Fig 6A and B).  

 EPA administration did not modify myogenin mRNA or protein in the 

gastrocnemius of the control rats (Fig. 7A and B). Arthritis increased myogenin 
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mRNA and protein (P<0.01) in both groups of arthritic rats treated with coconut 

oil or with EPA.      

 The effect of arthritis on gene expression and the protein of the different 

muscle regulatory factors (myostatin, PCNA, MyoD and myogenin) were not 

secondary to the decrease in food intake, since pair-fed rats had values similar 

to those observed in control rats treated with coconut oil (Fig. 4, 5, 6 and 7).  

 

DISCUSSION 

 Our data show that EPA administration to arthritic rats has an anti-

inflammatory effect and attenuates skeletal muscle wasting. The protective 

effect of EPA on the gastrocnemius muscle is not only due to a decrease in 

atrogene expression, but also to a stimulatory effect on myogenic regulatory 

factors.  

 The effects of EPA administration on the development of arthritis are in 

agreement with previous reports showing, in several models of arthritis, that fish 

oil administration has an anti-inflammatory effect (28, 46). A beneficial effect of 

fish oil supplements in rheumatoid arthritis patients has also been reported (22). 

Furthermore, EPA suppresses the “in vitro” proliferation of synoviocytes from 

rheumatoid arthritis patients (18). EPA is also able to reduce the expression of 

COX-2, inflammatory cytokines as well as cartilage-degrading protein, in 

chondrocyte cultures (51). The anti-inflammatory effect of EPA in the arthritic 

rats can be related to its inhibitory action on TNF-α expression. The inhibitory 

effect of EPA on TNF-α synthesis and release, as well as on TNF-α-induced 

activation of the NF-kB pathway, has been observed in several cell types after 

inflammatory stimuli (26, 52). It has been proposed that the anti-inflammatory 
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effect of EPA is exerted through membrane phospholipids, becoming 

incorporated into the cell membrane, instead of arachidonic acid and modifying 

eicosanoids synthesis, by reducing the formation of  pro-inflammatory 

eicosanoids (e.g. PGE2) (3). On the other hand, EPA can form several potent 

anti-inflammatory lipid mediators such as resolving E1 (RvE1), which 

counteracts the effect of TNF-α, and inhibits NF-kB activation (for review see 

39). RvE1 plays a role in the resolution of the inflammatory response, and 

reduces inflammation to a lower extent in several animal models of 

inflammatory diseases (20, 50). 

 As previously reported in arthritic rats (46), EPA treatment decreased 

footpad inflammation without modifying food intake or body weight in arthritic 

rats. In contrast, in cancer cachexia EPA preserves body weight (38). This 

difference can be due to the fact that, although cancer and arthritis induce 

muscle wasting and fat mass loss, these mechanisms do not seem to be 

identical in both illnesses. Muscle wasting is associated with an increase in 

myostatin in cancer (10), whereas no modification in myostatin was observed in 

the skeletal muscle of arthritic rats. Furthermore, fat mass loss in arthritis is 

associated with a decrease in adipogenesis rather than to an increase in 

lipolysis (31). On the other hand, in cancer lipolysis is induced by an increase in 

zinc-α2-glycoprotein (ZAG), which plays an important role in loss of fat mass (4), 

whereas ZAG expression is not modified in arthritic rats (31). In cancer 

cachexia, EPA prevents adipose tissue loss by downregulation of ZAG 

expression through interference with glucocorticoid signalling (38). 

 Despite the fact that EPA does not have an effect on body weight gain, 

EPA treatment increased gastrocnemius weight in arthritic rats. This effect can 
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be explained by the fact that EPA administration prevented atrogin-1 and 

attenuated MuRF1 arthritis-induced increase in the gastrocnemius. To our 

knowledge, the effect of EPA on atrogin-1 or MuRF1 expression has not been 

previously reported. However, it has been reported that EPA is able to prevent 

the upregulation of other components of the ubiquitin-proteasome system. In 

this sense, EPA attenuates muscle protein degradation in cancer and sepsis by 

preventing the increase in both gene expression and protein of the α and β 

subunit of the 20S proteasome, as well as the functional activity of the 

proteasome (25, 49). Taking into account that the ubiquitin-proteasome 

proteolytic system is the main contributor to muscle wasting in cachexia (27), 

the beneficial action of EPA on muscle loss can be due to its action on the 

ubiquitin-proteasome pathway. Together these data suggest that EPA 

decreased the activity of the ubiquitin-proteasome pathways induced by chronic 

inflammation. The inhibitory effect of EPA on skeletal muscle proteolysis can be 

exerted directly on the muscular cell, since EPA is able to prevent 

hyperthermia-induced proteolysis by the ubiquitin-proteasome in myotube 

cultures (42). 

 The muscular wasting observed in the arthritic rats and the beneficial 

effect of EPA are independent of food intake, since as previously reported (8) 

the decrease in the relative gastrocnemius weight is not observed in pair-fed 

rats, and EPA administration increased gastrocnemius weight without modifying 

food intake in arthritic rats.      

 Myostatin is a negative regulator of muscle growth that increases in 

situations of muscle atrophy such as cancer cachexia (10). However, myostatin 

is not modified by chronic arthritis or by EPA administration. Similarly, myostatin 
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was not modified 15 days after immobilization, although a reduction in 

quadriceps lean mass was observed (24).  

 As we have previously reported (8), in spite of gastrocnemius wasting, 

there was an increase in PCNA, MyoD and myogenin in arthritic rats. These 

data indicate that in arthritic rats, muscle repair/regeneration coexists with the 

activation of the ubiquitin-proteasome pathway. Similarly, short bouts of passive 

stretching are able to increase the gene expression of factors associated with 

muscle growth (MyoD), and atrophy (atrogin-1) (35). The factors responsible for 

the upregulation of these myogenic regulatory factors in the gastrocnemius of 

arthritic rats are unknown. However, there is evidence that suggests a 

relationship between inflammation and muscle regeneration (32, 44). The pro-

inflammatory cytokines TNF and IL-6 have been reported to promote 

myogenesis (7, 9). Furthermore, we have observed that administration of the 

non- steroid anti-inflammatory drug meloxicam to arthritic rats prevents the 

increased expression of TNF, atrogin-1 and MuRF1 in the gastrocnemius (15). 

It has recently been reported that another COX-2 inhibitor, NS-398, decreases 

muscle hypertrophy after synergist ablation (34).  

 EPA administration prevents arthritis-induced increase in atrogin-1 and 

MurF1, whereas PCNA, MyoD and myogenin expression remained elevated in 

arthritic rats treated with EPA. Furthermore, in control rats EPA treatment 

increased PCNA and MyoD. These data suggest that, in addition to the 

inhibitory effect on atrogin-1 and MuRF1, part of the beneficial effect of EPA on 

the gastrocnemius mass can be mediated by stimulating myogenic regulatory 

factors. To our knowledge, the effect of EPA on the regulatory myogenic factor 

“in vivo” has not been previously described. It has been reported that EPA is 
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able to prevent the inhibitory effect of high levels of TNF-α on C2C12 myotube 

myogenesis, by increasing myotube diameter and myoglobin high chain 

expression (30).  

 In the muscle cell “in vitro” EPA directly modulates lipid and glucose 

metabolism, promoting increased glucose uptake and metabolism (1). A similar 

effect of EPA has recently been described in diabetic myotubes, where EPA 

also improved insulin resistance and fatty acid handling in type 2 diabetes 

skeletal muscle (47). Proteolysis-inducing factor (PIF), secreted by tumours that 

induce cachexia, decreases glucose uptake by myoblast and induces 

proteolysis, being the two effects attenuated by EPA (21).   

 

PERSPECTIVES AND SIGNIFICANCE 

 Rheumatoid cachexia is an important contributor in increasing morbidity 

and premature mortality in rheumatoid arthritis patients. Adjuvant-induced 

arthritis is a well-established model of rheumatoid arthritis that is associated 

with cachexia and muscle wasting secondary to an increase in the activity of the 

ubiquitin-proteasome proteolytic pathway. The data presented in this 

manuscript demonstrate that administration of the omega-3 polyunsaturated 

fatty acid EPA to arthritic rats decreases the external signs of inflammation and 

TNF-α expression in the gastrocnemius muscle, whereas it increases 

gastrocnemius weight. EPA treatment ameliorates skeletal muscle wasting 

through preventing arthritis-induced increase in the expression of the E3 

ubiquitin-ligating enzymes atrogin-1 and MuRF1 in the gastrocnemius. In 

addition, EPA treatment is also able to increase the transcription factors that 

regulate myogenesis such as PCNA and MyoD. Our observations suggest that 
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EPA treatment could be used therapeutically to reduce symptoms of arthritis 

and to preserve muscle mass in rheumatoid arthritis. 

 

ACKNOWLEDGMENTS 

 The authors are indebted to Dr Matti Tolonen for the supply of EPA, to 

Antonio Carmona for technical assistance and to Cristina Brickart for the 

English correction of the manuscript.  

 

GRANTS 

 This work was supported by a grant from the Ministerio de Educación 

Ciencia (ABFU2006-11899/BFI), a Fellowship from the Gobierno Vasco to E 

Castillero (BFI06.31), and from the Ministerio de Educación y Ciencia to M 

López-Menduiña (BES-2007-16001). 

 

REFERENCES 

1. Aas V, Rokling-Andersen MH, Kase ET, Thoresen GH, Rustan AC. 

Eicosapentaenoic acid (20:5 n-3) increases fatty acid and glucose uptake 

in cultured human skeletal muscle cells. J Lipid Res 47: 366-374, 2006. 

2. Arshad A, Rashid R, Benjamin K. The effect of disease activity on fat-

free mass and resting energy expenditure in patients with rheumatoid 

arthritis versus noninflammatory arthropathies/soft tissue rheumatism. Mod 

Rheumatol 17: 470-475, 2007. 

3. Babcock T, Helton WS, Espat NJ. Eicosapentaenoic acid (EPA): an 

antiinflammatory omega-3 fat with potential clinical applications. Nutrition 

16: 1116-1118, 2000. 



 
 

18

4. Bing C, Bao Y, Jenkins J, Sanders P, Manieri M, Cinti S, Tisdale MJ, 

Trayhurn P. Zinc-alpha2-glycoprotein, a lipid mobilizing factor, is 

expressed in adipocytes and is up-regulated in mice with cancer cachexia. 

Proc Natl Acad Sci USA 101:2500-2505, 2004. 

5. Bodine SC, Latres E, Baumhueter S, Lai VK, Nunez L, Clarke BA, 

Poueymirou WT, Panaro FJ, Na E, Dharmarajan K, Pan ZQ, 

Valenzuela DM, DeChiara TM, Stitt TN, Yancopoulos GD, Glass DJ. 

Identification of ubiquitin ligases required for skeletal muscle atrophy. 

Science 294: 1704-1708, 2001. 

6. Cai D, Frantz JD, Tawa NE Jr, Melendez PA, Oh BC, Lidov HG, 

Hasselgren PO, Frontera WR, Lee J, Glass DJ, Shoelson SE. 

IKKbeta/NF-kappaB activation causes severe muscle wasting in mice. Cell 

119: 285–298, 2004. 

7. Cantini M, Massimino ML, Rapizzi E, Rossini K Catani C, Dalla Libera 

L, Carraro U. Human satellite cell proliferation in vitro is regulated by 

autocrine secretion of IL-6 stimulated by a soluble factor(s) released by 

activated monocytes. Biochem Biophys Res Commun 216: 49-53, 1995. 

8. Castillero E, Martín AI, López-Menduiña M, Granado M, Villanúa MA, 

López-Calderón A. IGF-I system, atrogenes and myogenic regulatory 

factors in arthritis induced muscle wasting. Mol Cell Endocrinol Jun 4. 

[Epub ahead of print]. 2009. 

9. Chen SE, Jin B, Li YP. TNF-alpha regulates myogenesis and muscle 

regeneration by activating p38 MAPK. Am J Physiol Cell Physiol 292: 

C1660-C1671, 2007. 



 
 

19

10. Costelli P, Muscaritoli M, Bonetto A, Penna F, Reffo P, Bossola M, 

Bonelli G, Doglietto GB, Baccino FM, Rossi Fanelli F. Muscle myostatin 

signalling is enhanced in experimental cancer cachexia. Eur J Clin Invest 

38: 531-538, 2008. 

11. Dehoux M, Van Beneden R, Pasko N, Lause P, Verniers J, Underwood 

L, Ketelslegers JM and Thissen JP. Role of the insulin-like growth factor 

I decline in the induction of atrogin-1/MAFbx during fasting and diabetes. 

Endocrinology 145: 4806-4812, 2004.  

12.  Evans WJ, Morley JE, Argilés J, Bales C, Baracos V, Guttridge D, 

Jatoi A, Kalantar-Zadeh K, Lochs H, Mantovani G, Marks D, Mitch WE, 

Muscaritoli M, Najand A, Ponikowski P, Rossi Fanelli F, Schambelan 

M, Schols A, Schuster M, Thomas D, Wolfe R, Anker SD. Cachexia: a 

new definition. Clin Nut. 27:793-9, 2008. 

13. Giacosa A, Rondanelli M. Fish oil and treatment of cancer cachexia. 

Genes Nutr 3: 25-8, 2008. 

14. Granado M, Priego T, Martín AI, Villanúa MA, López-Calderón A. 

Ghrelin receptor agonist GHRP-2 prevents arthritis-induced increase in E3 

ubiquitin-ligating enzymes MuRF1 and MAFbx gene expression in skeletal 

muscle. Am J Physiol Endocrinol Metab 289: E1007-E1014, 2005. 

15. Granado M, Martín AI, Villanúa MA, López-Calderón A. Experimental 

arthritis inhibits the insulin-like growth factor-I axis and induces muscle 

wasting through cyclooxygenase-2 activation. Am J Physiol Endocrinol 

Metab 292: E1656-E1665, 2007. 



 
 

20

16. Grosser T, Fries S, FitzGerald GA. Biological basis for the cardiovascular 

consequences of COX-2 inhibition: Therapeutic challenges and 

opportunities. J Clin Invest 116: 4-15, 2006. 

17. Guglielmontti A, D’Onofrio E, Coletta I, Aquilini L, Milanese C, Pinza 

M. Amelioration of rat adjuvant arthritis by therapeutic treatment with 

bindarit, an inhibitor of MCP-1 and TNF-α production. Inflamm Res 51: 

252-258, 2002.  

18. Hamaguchi M, Kawahito Y, Omoto A, Tsubouchi Y, Kohno M, Seno T, 

Kadoya M, Yamamoto A, Ishino H, Matsuyama M, Yoshimura R, 

Yoshikawa T. Eicosapentaenoic Acid suppresses the proliferation of 

synoviocytes from rheumatoid arthritis. J Clin Biochem Nutr 43: 126-128, 

2008. 

19. Hill M, Goldspink G. Expression and splicing of the insulin-like growth 

factor gene in rodent muscle is associated with muscle satellite (stem) cell 

activation following local tissue damage. J Physiol 549: 409-418, 2003. 

20. Hong S, Porter TF, Lu Y, Oh SF, Pillai PS, Serhan CN. Resolvin E1 

metabolome in local inactivation during inflammation-resolution. J Immunol 

180: 3512-9, 2008. 

21. Hussey HJ, Tisdale MJ. Effect of a cachectic factor on carbohydrate 

metabolism and attenuation by eicosapentaenoic acid. Br J Cancer 80: 

1231-1235, 1999. 

22. James MJ, Cleland LG. Dietary n-3 fatty acids and therapy for rheumatoid 

arthritis. Semin Arthritis Rheum 27: 85-97, 1997. 

23. James MJ, Gibson RA, Cleland LG. Dietary polyunsaturated fatty acids 

and inflammatory mediator production. Am J Clin Nutr 71: 343S-8S, 2000. 



 
 

21

24. Jones SW, Hill RJ, Krasney PA, O'Conner B, Peirce N, Greenhaff PL. 

Disuse atrophy and exercise rehabilitation in humans profoundly affects 

the expression of genes associated with the regulation of skeletal muscle 

mass. FASEB J 18: 1025-1027, 2004. 

25. Khal J, Tisdale MJ. Downregulation of muscle protein degradation in 

sepsis by eicosapentaenoic acid (EPA). Biochem Biophys Res Commun 

375: 238-240, 2008. 

26. Kim HH, Lee Y, Eun HC, Chung JH. Eicosapentaenoic acid inhibits TNF-

alpha-induced matrix metalloproteinase-9 expression in human 

keratinocytes, HaCaT cells. Biochem Biophys Res Commun 368: 343-349, 

2008. 

27. Lecker SH, Jagoe RT, Gilbert A, Gomes M, Baracos V, Bailey J, Price 

SR, Mitch WE, Goldberg AL. Multiple types of skeletal muscle atrophy 

involve a common program of changes in gene expression. FASEB J 18: 

39-51, 2004. 

28. Leslie CA, Gonnerman WA, Ullman MD, Hayes KC, Franzblau C, 

Cathcart ES. Dietary fish oil modulates macrophage fatty acids and 

decreases arthritis susceptibility in mice. J Exp Med 162: 1336-1349, 

1985. 

29. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using 

real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 

25: 402-408, 2001. 

30. Magee P, Pearson S, Allen J.  The omega-3 fatty acid, eicosapentaenoic 

acid (EPA), prevents the damaging effects of tumour necrosis factor 



 
 

22

(TNF)-alpha during murine skeletal muscle cell differentiation. Lipids 

Health Dis 7: 24, 2008. 

31. Martín AI, Castillero E, Granado M, López-Menduiña M, Villanúa MA, 

López-Calderón A. Adipose tissue loss in adjuvant arthritis is associated 

with a decrease in lipogenesis, but not with an increase in lipolysis. J 

Endocrinol 197: 111-119. 2008. 

32. Massimino ML, Rapizzi E, Cantini M, Libera LD, Mazzoleni F, Arslan P, 

Carraro U, ED2+ macrophages increase selectively myoblast proliferation 

in muscle cultures. Biochem Biophys Res Commun 235: 754-759, 1997. 

33. Mori TA, Beilin LJ. Omega-3 fatty acids and inflammation. Curr 

Atheroscler Rep 6: 461-467, 2004. 

34. Novak ML, Billich W, Smith SM, Sukhija KB, McLoughlin TJ, 

Hornberger TA, Koh TJ. COX-2 inhibitor reduces skeletal muscle 

hypertrophy in mice. Am J Physiol Regul Integr Comp Physiol 296: R1132-

R1139, 2009. 

35. Peviani SM, Gomes AR, Moreira RF, Moriscot AS, Salvini TF. Short 

bouts of stretching increase myo-D, myostatin and atrogin-1 in rat soleus 

muscle. Muscle Nerve 35: 363-370, 2007. 

36. Roubenoff R, Roubenoff RA, Cannon JG, Kehayias JJ, Zhuang H, 

Dawson-Hughes B, Dinarello CA, Rosenberg IH. Rheumatoid cachexia: 

cytokine-driven hypermetabolism accompanying reduced body cell mass in 

chronic inflammation. J Clin Invest 93: 2379-2386, 1994. 

37. Roubenoff R, Freeman LM, Smith DE, Abad LW, Dinarello CA, 

Kehayias JJ. Adjuvant arthritis as a model of inflammatory cachexia. 

Arthritis Rheum 40: 534-539, 1997. 



 
 

23

38. Russell ST, Tisdale MJ. Effect of eicosapentaenoic acid (EPA) on 

expression of a lipid mobilizing factor in adipose tissue in cancer cachexia. 

Prostaglandins Leukot Essent Fatty Acids 72: 409-414, 2005. 

39. Serhan CN, Chiang N. Endogenous pro-resolving and anti-inflammatory 

lipid mediators: a new pharmacologic genus. Br J Pharmacol 153 Suppl 1: 

S200-S215, 2008. 

40. Simopoulos AP. Omega-3 fatty acids in inflammation and autoimmune 

diseases. J Am Coll Nutr 21: 495-505, 2002. 

41. Smith HJ, Greenberg NA, Tisdale MJ. Effect of eicosapentaenoic acid, 

protein and amino acids on protein synthesis and degradation in skeletal 

muscle of cachectic mice. Br J Cancer 91: 408-412, 2004. 

42. Smith HJ, Khal J, Tisdale MJ. Downregulation of ubiquitin-dependent 

protein degradation in murine myotubes during hyperthermia by 

eicosapentaenoic acid. Biochem Biophys Res Commun 332: 83-88, 2005.  

43. Tanaka H, Ueta Y, Yamashita U, Kannan H, Yamashita H. Biphasic 

changes in behavioral, endocrine, and sympathetic systems in adjuvant 

arthritis in Lewis rats. Brain Res Bull 39: 33-37, 1996. 

44. Tidball JG. Inflammatory processes in muscle injury and repair. Am J 

Physiol Regul Integr Comp Physiol 288: R345-R353, 2005.  

45. Van Eden W, Waksman BH. Immune regulation in adjuvant-induced 

arthritis. Possible implications for innovative therapeutic strategies in 

arthritis. Arthritis Rheum 48:1788-1796, 2003.    

46. Volker DH, FitzGerald PE, Garg ML. The eicosapentaenoic to 

docosahexaenoic acid ratio of diets affects the pathogenesis of arthritis in 

Lew/SSN rats. J Nutr 130: 559-565, 2000. 



 
 

24

47. Wensaas AJ, Rustan AC, Just M, Berge RK, Drevon CA, Gaster M. 

Fatty acid incubation of myotubes from humans with type 2 diabetes leads 

to enhanced release of beta-oxidation products because of impaired fatty 

acid oxidation: effects of tetradecylthioacetic acid and eicosapentaenoic 

acid. Diabetes 58: 527-535, 2009. 

48. Whitehouse AS, Tisdale MJ. Downregulation of ubiquitin-dependent 

proteolysis by eicosapentaenoic acid in acute starvation. Biochem Biophys 

Res Commun 285: 598-602, 2001. 

49. Whitehouse AS, Smith HJ, Drake JL, Tisdale MJ. Mechanism of 

attenuation of skeletal muscle protein catabolism in cancer cachexia by 

eicosapentaenoic acid. Cancer Res 61: 3604-3609, 2001. 

50. Yacoubian S, Serhan CN. New endogenous anti-inflammatory and 

proresolving lipid mediators: implications for rheumatic diseases. Nat Clin 

Pract Rheumatol 3: 570-579, 2007. 

51. Zainal Z, Longman AJ, Hurst S, Duggan K, Caterson B, Hughes CE, 

Harwood JL. Relative efficacies of omega-3 polyunsaturated fatty acids in 

reducing expression of key proteins in a model system for studying 

osteoarthritis. Osteoarthritis Cartilage 17: 882-891, 2009. 

52. Zhao Y, Joshi-Barve S, Barve S, Chen LH. Eicosapentaenoic acid 

prevents LPS-induced TNF-alpha expression by preventing NF-kappaB 

activation. J Am Coll Nutr 23: 71-78, 2004. 

 

LEGEND OF FIGURES 

Fig.1. Effect of EPA administration on arthritis score evolution (A), left paw 

volume (B), TNF-α mRNA in the liver (C) and in the gastrocnemius muscle (D) 
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on day 15 after adjuvant injection. EPA (1 g/kg) or coconut oil (1 g/kg) was 

administered p.o. daily, from day 3 to day 15. AA= arthritic rats, PF= pair-fed 

rats. TNF-α mRNA was measured by real time PCR by analyzing the CT 

numbers corrected by CT readings of corresponding internal 18S mRNA 

controls. Results are expressed relatively to the control animals treated with 

coconut oil of the control rats treated with coconut oil. The increase in the 

arthritis scores was higher in the rats treated with coconut oil than in the rats 

treated with EPA (P<0.05). EPA administration decreased the paw volume in 

arthritic (P<0.01), but not in control rats. Arthritis increased liver TNF-α mRNA in 

the rats treated with coconut oil (P<0.01), whereas it had no effect on rats 

treated with EPA. Results represent means ± SEM. Similarly, arthritis increased 

TNF-α mRNA (P<0.01) in the gastrocnemius of the rats treated with coconut oil 

but not in the rats treated with EPA. Data are presented as scatter plots with 

medians. ** P<0.01, *P<0.05 vs. control rats treated with coconut oil, ##P<0.01, 

vs. arthritic rats treated with coconut oil. +P<0.05 vs. control rats treated with 

EPA. 

 

Fig.2. Evolution of body weight gain (A), food intake between days 4 and 15 (B) 

and relative gastrocnemius weight (C) in control, arthritic (AA) or pair-fed rats 

(PF) treated with 1 g/kg of coconut oil or with 1 g/kg of EPA. Arthritis decreased 

food intake (P<0.01), and the relative gastrocnemius weight (P<0.01). EPA 

administration did not modify food intake, but increased gastrocnemius weight 

in arthritic rats (P<0.01). Results represent means ± SEM for n=3 cages and 

n=7-9 rats per group. ** P<0.01, *P<0.05 vs. control rats treated with coconut 
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oil, ##P<0.01, #P<0.05 vs. arthritic rats treated with coconut oil. ++P<0.01 vs. 

control rats treated with EPA. 

   

Fig.3. EPA administration prevented arthritis-induced increase of atrogin-1 and 

attenuated the increase in MuRF1 gene expression in the gastrocnemius 

muscle. Atrogin-1 (A) and MuRF1 mRNA (B) were quantified from 

gastrocnemius muscles of control, arthritic (AA) or pair-fed (PF) rats treated with   

1 g/kg coconut oil or 1 g/kg EPA, from day 3 to day 15 after adjuvant injection. 

Atrogin-1 and MuRF1 mRNA were measured by real time PCR by analyzing the 

CT numbers corrected by CT readings of corresponding internal 18S mRNA 

controls. Results are expressed relatively to the control animals treated with 

coconut oil. Arthritis increased atrogin-1 mRNA in rats treated with coconut oil 

(P<0.01), but did not increase it in the rats treated with EPA. Arthritis increased 

MuRF1 mRNA in both groups of rats, but the arthritic rats treated with EPA had 

lower (P<0.05) MuRF1 mRNA than the rats treated with coconut oil. Data are 

presented as scatter plots with medians. ** P<0.01 vs. control rats treated with 

coconut oil, #P<0.05 vs. arthritic rats treated with coconut oil. +P<0.05 vs. 

control rats treated with EPA. 

 

Fig.4. Myostatin mRNA (A), myostatin protein (B) and representative 

immunoblots (C) in the gastrocnemius of control, arthritic (AA) and pair-fed rats 

treated with 1 g/kg coconut oil or 1g /kg EPA, from day 3 to day 15 after 

adjuvant injection. Myostatin mRNA was measured by real-time PCR and 

results are expressed relatively to the control animals treated with coconut oil, 

by analyzing the CT numbers corrected by CT readings of corresponding 
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internal 18S mRNA controls. Myostatin protein was measured by Western 

blotting, quantified, normalized against the α-tubulin and expressed as 

percentage of the control rats treated with coconut oil. Data are expressed as 

mean ± S.E.M. (n= 7-9 rats). 

 

Fig.5. PCNA mRNA (A), PCNA protein (B) and representative immunoblots (C) 

in the gastrocnemius of control, arthritic (AA) and pair-fed rats treated with 1 

g/kg coconut oil or 1g /kg EPA, from day 3 to day 15 after adjuvant injection.  

PCNA mRNA was measured by real-time PCR and results are expressed 

relatively to the control animals treated with coconut oil, by analyzing the CT 

numbers corrected by CT readings of corresponding internal 18S mRNA 

controls. PCNA protein was measured by Western blotting, quantified, 

normalized against the α-tubulin and expressed as percentage of the control 

rats treated with coconut oil. Arthritis increased PCNA mRNA (P<0.01) and 

PCNA (P<0.05) in the rats treated with coconut oil. Data are expressed as 

mean ± S.E.M. (n= 7-9 rats). ** P<0.01, *P<0.05 vs. control rats treated with 

coconut oil. 

 

Fig.6. MyoD mRNA (A), MyoD protein (B) and representative immunoblots (C) 

in the gastrocnemius of control, arthritic (AA) and pair-fed rats treated with 1 

g/kg coconut oil or 1 g/kg EPA, from day 3 to day 15 after adjuvant injection.  

PCNA mRNA was measured by real-time PCR and results are expressed 

relatively to the control animals treated with coconut oil, by analyzing the CT 

numbers corrected by CT readings of corresponding internal 18S mRNA 

controls. MyoD protein was measured by Western blotting, quantified, 
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normalized against the α-tubulin and expressed as percentage of the control 

rats treated with coconut oil. Arthritis increased MyoD mRNA (P<0.05) and 

MyoD (P<0.05) in the rats treated with coconut oil. EPA increased MyoD mRNA 

(P<0.05). Data are expressed as mean ± S.E.M. (n= 7-9 rats). *P<0.05 vs. 

control rats treated with coconut oil. 

 

Fig.7. Myogenin mRNA (A), myogenin protein (B) and representative 

immunoblots (C) in the gastrocnemius of control, arthritic (AA) and pair-fed rats 

treated with 1 g/kg coconut oil or 1 g/kg EPA, from day 3 to day 15 after 

adjuvant injection. Myogenin mRNA was measured by real-time PCR and 

results are expressed relatively to the control animals treated with coconut oil, 

by analyzing the CT numbers corrected by CT readings of corresponding 

internal 18S mRNA controls. Myogenin protein was measured by Western 

blotting, quantified, normalized against the α-tubulin and expressed as 

percentage of the control rats treated with coconut oil. Arthritis increased 

myogenin mRNA (P<0.01) and myogenin (P<0.01) in the rats treated with 

coconut oil or EPA. Data are expressed as mean ± S.E.M. (n= 7-9 rats). 

**P<0.01 vs. control rats treated with coconut oil. ++P<0.01, +P<0.05 vs. control 

rats treated with EPA. 
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